The ITER tokamak will be operating with 5 microwave diagnostic systems. While they rely on different physics, they share a common need: transmitting low and high power microwave in the range of 12 GHz to 1000 GHz (different bandwidths for different diagnostics) between the plasma and a diagnostic area tens of meters away. The designs proposed for vacuum windows, in-vessel waveguides and antennas are presented together with the development activities needed to finalise this work.
Introduction
ITER environment. ITER is the first tokamak designed for extensive operation using tritium and therefore producing high neutron fluence. During the nuclear phase, ITER is foreseen to produce up to 3 × 10 27 neutrons from up to 15 kg of tritium. This nuclear environment has strong implications in the design of every components of the tokamak. Radiological barriers ensures tritium confinement in the main vacuum vessel. Neutron shielding protects ex-vessel components from 14 MeV neutrons and limit their activation. In-vessel activation allows only maintenance using remote handling techniques. All these constraints have to be taken into account during the design of ITER microwave di-Reflectometers. ITER will have 3 different reflectometry systems: Low Field Side Reflectometry (LFS-R), High Field Side Reflectometry (HFS-R), Plasma Position Reflectometry (PPR) [1] . They are active systems emitting microwaves in the range 12 GHz to 170 GHz at low power (around 10 mW). They rely on the plasma property to reflect microwave at a given position called cut-off layer. A probing microwave is launched into the plasma and propagates up to the cut-off layer where it is reflected. The wave travels back and is captured by a detection system. From the phase-delay of the wave doing its round-trip different physical properties can be extracted: plasma electron density, position, turbulence and velocity [2] . These diagnostics rely on an accurate measurement of the complex reflected signal (phase and amplitude).
Electron-Cyclotron-Emission (ECE). For temperature measurement, an ECE system will be installed [3] . This is a passive diagnostic measuring the microwave spectrum emitted by the plasma in the range 122 GHz to 1000 GHz. From the low frequencies, the temperature profile is deduced. Higher frequencies (above 350 GHz) are used for plasma radiation power evaluation. A good signal amplitude is required to be able to get a good accuracy.
Collective Thomson Scattering (CTS). Fast ion velocity distribution function will be measured by a CTS diagnostic. This diagnostic relies on emitting a powerful (about 1 MW) microwave beam at 60 GHz into the plasma. The scattered radiation is collected and recorded for different positions. This system will emit a high power beam while measuring a very low power radiation (in nW) [4] .
All these diagnostics have in common to transmit microwaves from the plasma to the outside world. The challenges reside in transmitting low power signal within a hostile environment: tight space, important heat fluxes, neutron fluence, large electromagnetic and seismic loads, stray microwave radiation and ultra-high vacuum. While the microwave performance is a key aspect for the design of the different diagnostic components, nuclear safety remains the main concern. This paper will address the design aspect and development activities for the vacuum windows in section 2, the in-vessel and in-port waveguides in section 3 and the antennas in 4. Finally conclusions will be drawn.
Vacuum windows
Microwaves are guided between the vacuum vessel and the emission/detection equipment, located in a different building, using oversized waveguides. To pass the vacuum barriers, vacuum-tight, safetyimportant windows are used. On top of their role as vacuum container, they also have to contain tritium in case of accidental events (severe disruptions, earthquakes, fire. . . ). They are critical in term of safety but also for the good performance of the diagnostic: they have to be designed to minimise the microwave reflection while keeping a robust and safe approach to meet the requirements of a radiological barrier.
Nuclear regulation imposes some constraints on the window design. They need to be able to sustain the usual loads as listed in Section 1. In term of pressure they have to be qualified for a differential pressure of 2 bar. As a radiological barrier, we have to assure they are not leaking. To do so, double windows are installed with a monitored interspace. The interspace is pressurised at about 0.5 bar with, potentially, a tracer gas. If the pressure is observed to decrease, the leaking window is the plasma side one; if the pressure increases, it signals an air-side leak. A tracer gas can also be used in conjunction with a mass spectrometer to detect any leak. Two approaches have been followed to design such windows depending on the space available to house them. When enough space is available, the vacuum windows are placed on the vacuum boundary and the microwave are transmitted across in a free space propagation. When the space available is too tight to allow free space propagation, the vacuum windows are placed inside the waveguides, the later being the vacuum boundary.
Free space propagation
This approach is inspired by what has been done on JET for the reflectometry and ECE transmission lines [5] . Bolted and welded double window assemblies have been designed. They will be installed on the closure plate at the back of the diagnostic portplugs as shown on Figure 1 for the ECE and LFS-R systems. A Gaussian beam telescope will be used to transmit the microwaves through the windows. Antenna on the air-side is aligned with the vacuumside optic (waveguide or mirrors) and the double vacuum windows using elliptical mirrors. The impact of high power stray microwave radiation [6] on theses windows is being assessed.
In-waveguide
In the case of in-waveguide vacuum barriers, the double windows are embedded into the waveguide. Figure 2 shows one conceptual design to position the reflectometry in-waveguide windows close to the upper-port feed-outs.
For this design, the microwave performance is checked by doing numerical simulations. The losses simulated without any optimisation were between 2 and 5 dB. Mock-ups are also being manufactured for leak, thermal stress and microwave transmission tests.
In-vessel waveguides
For HFS-R and PPR, waveguides are used to route microwaves between windows and antennas through the vacuum vessel. Space available being tight, the route has to be carefully designed in order not to jeopardise measurements made through these small waveguides. Some lines of sight are using an antenna on the inboard side of the vacuum vessel. The waveguides are running for almost 10 m along the vacuum vessel from the upper ports of ITER as shown in Figure 3 . The space available is limited as the nominal gap between the vacuum vessel and the blankets is about 20 mm. Special cutouts have to be made on the back of the blanket modules to allow the waveguides to run.
The internal section of the waveguides is smooth and rectangular, 12 by 20 mm with a thickness of 1 mm. Traditionally such waveguides are in copper but this cannot be done in ITER because of the large electro-magnetic loads appearing during disruptions. To reduce the intensity of these forces, stainless steel is used as its conductivity is much lower than copper. In order to retain the microwave performance, a thin layer (less than 20 µm) of copper is deposed on the waveguide inner surfaces. This design is a challenge to manufacture but some pieces have already been produced by RF-DA. The copper adherence was good but microwave performance is still being improved. The maximum length expected to be produced is about 2 m. Flanges will be used to assemble the complete run.
Waveguides run in pairs as one is used for emission and one for reception. A casing has also to be added in order to strengthen the waveguides and allow them to cope the electro-magnetic loads. The final section of the whole assembly is about 26 by 80 mm. To avoid mode conversion in order to keep acceptable microwave performance, the waveguides must stay within the poloidal plane. Assembly will thus be challenging as the maximum deviation to this plane is only 0.3 mm per meter in the toroidal direction.
ECE, CTS and some reflectometry systems will also be installed in diagnostic port-plugs [7] where more space is available. Depending on the system, quasi-optics or over-sized corrugated waveguides will be used. The circular waveguide innerdiameters will be 31.75, 50.8 or 76.2 mm. Mitre bends are used to create simple labyrinth in order to avoid straight lines allowing neutron streaming as shown in Figure 4 . Nevertheless, neutron fluence will induce material activation and all the port plug components will be maintained using remote handling tools.
Antennas
Depending on their position, antennas are facing different challenges. For the inner board reflectometry systems, a 40 mm gap is allowed between two blanket modules in order to get a clear view to the plasma. The design of the antenna and its support has been constrained by the very tight space available as seen in Figure 5 . The waveguide 90
• bend has been carefully designed to keep good microwave performance across the whole frequency band (12 GHz to 140 GHz) and in both polarisations. Some attention has also been taken to avoid having too much current running in the bend structure during disruptions in order to minimise the electro-magnetic loads.
Where more space is available, such as in the outboard side, collection optic can be larger and recessed in the port plug. This is the case for the ECE and CTS diagnostics. For reflectometry, more lines of sight are required, and thus the last optics components cannot be recessed without posing problem in terms of heat flux handling and neutron shielding. In this case the waveguides are carrying the microwave up to first wall where the antenna mouth are installed as shown in Figure 4 . Being close to the plasma the antennas need to be actively water cooled. Because of the amount of water required, the design has to observe the French regulation on pressurised equipment in a nuclear environment (ESPN) [8] .
Summary and future work
While microwave diagnostic components require great attention for their design in order to obtain good performance, ITER environment brings additional constraints into the design: thermal and electro-magnetic loads, neutron activation, tritium containment, interface with other systems in a tight environment, microwave stray radiation and remote handling maintenance. Antenna, waveguide and vacuum window designs have followed these constraints.
Most of the components described here are in an intermediate design phase and are expected to go the final design phase in the next few year. Some mock-ups have already been manufactured and tested to check the designs fulfill the mechanical and thermal requirement, while keeping acceptable microwave performance. This activity is expected to intensify in the coming years. For the HFS-R and PPR systems, as they run along the vacuum vessel, the main present activity is to consolidate the assembly sequence in agreement with the blanket systems.
